14
by rising greenhouse gas concentrations. Recent estimates of global direct anthropogenic aerosol radiative forcing 15 (i.e., global radiative forcing due to aerosol-radiation interactions) are −0.35±0.5 Wm -2 , and these estimates depend 16 heavily on aerosol simulation. Here, we integrate a comprehensive suite of satellite and ground-based observations 17 to constrain total AOD, its fine-mode fraction, the vertical distribution of aerosols and clouds, and the co-location of 18 clouds and overlying aerosols. We find that direct fine-mode aerosol radiative effect is −0. simulations. In the present study, we will use observations to constrain the fine-mode sea salt and dust AODs as 62 well, and offer estimates of aerosol radiative effect due to fine-mode sea salt and dust aerosols.
63

Data
64
In section 4 and Table 1 , aerosol direct radiative effects (DRE) will be computed for three cases: (i) for 65 total aerosols, (ii) for the fine mode (including natural fine-mode particles), and (iii) for fine mode sea-salt and dust.
66
The total and fine-mode AOD are based on observations, as explained in Section 2. 
94
We computed the 2001-2010 average for each calendar month at the T42 resolution. In these datasets, the 95 observational data gaps are filled by the GOCART simulation (Chin et al., 2002) as in Lee and Chung (2013) .
96
These data gaps are predominantly confined to the polar regions, and are even fewer in polar summer.
97
We obtain fAOD at 550 nm by subtracting coarse-mode AOD at 500 nm from AOD at 550 nm, assuming 98 that coarse-mode AOD does not change from 500 nm to 550 nm. That is, fAOD550 = fAOD500 + (AOD550 − 99 AOD500). Total AOD at any wavelength is obtained by combining AOD at 550 nm and AOD Ångström Exponent. 100
Global semi-observational data
101
To compute the direct aerosol radiative effect, aerosol optical characteristics, such as SSA (Single
102
Scattering Albedo), must be specified. We construct a global distribution of SSA by nudging global model- 
111
For SSA, the following equation is used:
(2).
113
Another way to interpret the above equations (Eq. 1, 2) is that the GOCART simulation is an interpolation tool. The 
124
The products from combining the GOCART simulation and AERONET data are semi-observational and 125 we address the model dependence as follows.
126
SSA, apart from AOD, is the most influential parameter in aerosol direct forcing (Chung, 2012 
196
For coarse-mode aerosols, we apply the same profiles given a lack of observations. Because coarse-mode 197 aerosols are not very absorbing, the effect of the vertical profile is very small (see Choi and Chung, 2014 
210
Only short-wave radiation is considered here.
211
Aerosol direct radiative effect
212
We first address the direct aerosol radiative effect (forcing due to natural and anthropogenic aerosols). We 213 incorporated the integrated global aerosol data (as explained in section 2) into the MACR model. becomes unrealistically large. To prevent this, we limit 252 fine-mode sea salt and dust AOD to be < 99% of total fine-mode AOD.
253
For simulated FMF, we used AOD (at 550 nm) simulations from GOCART, the Spectral Radiation-Transport 
283
Regarding sea salt FMF, we look at the simulated sea salt FMFs and observed total FMF over relatively pristine 284 oceans (Fig. 4C ). Organic and sulfate aerosols can be over remote oceans (Shank et al., 2012) 
313
When we remove the contribution of fine-mode sea salt and dust aerosols from the fine-mode radiative 314 effect, we end up with aerosol radiative effect due to total (i.e., anthropogenic + natural) carbonaceous, sulfate and 315 nitrate aerosols. As Fig. 6A shows, this radiative effect is large and positive over Africa and the downstream areas 316 where biomass burning is the major source. The forcing is also conspicuously positive over the Sahara (Fig. 6A) , 
321
The global average (including Africa) of the TOA forcing (as shown in Fig. 6A 
333
Our observational approach makes the results subject to observation errors. AERONET SSA, in particular, 334 is subject to potentially significant uncertainties due to various assumptions used in the retrieval algorithms. Thus, 335 the uncertainty in our estimates of fine-mode forcing, e.g., might be larger than -0.54 ~ -0. 
